Ten carbamate pesticides including four suspected endocrine disruptors, methomyl, benomyl (carbendazim), aldicarb and carbaryl, were simultaneously analyzed by LC/ESI/MS. The influence of the matrix on the variation of the ion signal intensities of (M + H) + and adduct ions was investigated. Although the intensities of three oxamyl ions changed depending on the matrix, the variation in the concentration calculation of oxamyl was reduced by using the sum total of the area value of two ions. The limits of the quantitation of ten pesticides without a concentration procedure were from 0.4 -30 µg/l. The solid-phase recovery rates of ten pesticides spiked into tap water and raw water were in the range of 69 -111%. Using this method, the concentrations of the pesticides in tap and raw water sampled at 14 monitoring points in Hyogo Prefecture were determined. Carbendazim in three raw water samples and carbofuran in one of these three samples were detected at low concentrations (less than 0.32 µg/l).
Introduction
Carbamate pesticides are widely used as insecticides or fungicides. However, some carbamate pesticides are suspected to be endocrine disruptors. [1] [2] [3] [4] Because these chemicals in minute quantities affect the human body, very low concentrations of these pesticides in water need to be measured in order to secure drinking water against pollution. Many carbamate pesticide concentrations are determined by HPLCfluorescence detection [5] [6] [7] rather than GC, because of their thermolability. However, HPLC-fluorescence detection does not provide the required specificity for determining pesticide residues. To solve this problem, an LC/MS method has recently been adopted. The additive agent or nonvolatile buffers in the mobile phase used for obtaining good separation in the LC section reduces the detection sensitivity in the MS section by lowering the ionization efficiency. Therefore, procedures, such as the reduction of the additive agent 8 and the post-column removal of nonvolatile buffers, 9 are performed. It is considered that because the methanol/water system has a greater ionic strength than the acetonitrile/water system, 10 methanol has been used as the mobile phase in many studies. 8, 10, 11 However, from our experience, depending on the concentration of acetonitrile in water, or the type of pesticide, the acetonitrile/water system could have a greater ionic strength. Moreover, it is more convenient to use acetonitrile when the sample used in HPLC analysis is also subjected to an LC/MS analysis, since acetonitrile is generally used as a solvent for extracting analytes from water samples, and is also used as a mobile phase in a standard method of analysis. 12 There are various kinds of interfaces, such as Frit-FAB, 11 APCI, 13, 14 and ESI; 8, 14, 15 however, few reports regarding their applications have been published.
In this study, we investigated a fast, high-sensitivity and simultaneous analytical method for pesticides using acetonitrile/water without an additive agent by LC/ESI/MS. For the test samples, ten carbamate pesticides, including four suspected endocrine disruptors, methomyl, 1,2 benomyl, 3,4 aldicarb 1,2 and carbaryl, 2 and five pesticides currently used in Hyogo Prefecture, namely, oxamyl, ethiofencarb, benfuracarb, furathiocarb, and carbosulfan, and carbofuran which is a degradation product of benfuracarb, furathiocarb, or carbosulfan, were chosen. Further, a monitoring investigation of the pesticides in tap water and its raw water in Hyogo Prefecture was conducted using this method.
Experimental
Reagents and chemicals Carbofuran, furathiocarb and carbosulfan were obtained from Riedel-de Haën (Seelze, Germany), and the other pesticides were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The structures of the carbamate pesticides tested in this study are shown in Fig. 1 . Individual standard solutions were prepared by dissolving 10 mg of each carbamate pesticide, except for benomyl and carbendazim, in 10 ml of acetonitrile. Benomyl and carbendazim were prepared by dissolving 10 mg each in 100 ml of methanol. A working standard solution of each pesticide was prepared by diluting the standard solutions with acetonitrile and distilled water. Pesticide-grade acetonitrile, methanol and dichloromethane were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Water was distilled using an Autostill WG220 (Yamato Scientific Co., Ltd., Tokyo, Japan), and was further purified by passing it through a Milli-Q SP. TOC. (Nihon Millipore Ltd., Yonezawa, Japan).
(200 mg/6 ml), obtained from Waters Co. (Milford, USA). Solid-phase extraction was carried out using a VAC ELUT SPS24 (Varian Ltd., Massachusetts, USA) connected to a vacuum pump. The samples injected into the HPLC were filtered through a Millex-FH (0.45 µm i.d., Nihon Millipore Ltd., Yonezawa, Japan). The HPLC used was a Symmetry Shield RP18 (3.5 µm, 150 × 2.1 mm i.d.) made by Waters Co. (Milford, USA). Liquid chromatography was carried out using an Agilent 1100 series (Agilent Technologies, Waldbronn, Germany). Mass spectrometry was carried out using a Finnigan AQA (Thermo Quest, Manchester, UK).
Analytical method
Extraction cartridges were washed with 5 ml of acetonitrile, followed by 5 ml of distilled water before use. A water sample (500 ml) was passed through the cartridge at 15 ml/min by vacuum. After extraction of the water sample, the cartridges were dried by centrifugation at 3000 rpm for 3 min, and the pesticides were eluted by the passage of acetonitrile (5 ml), followed by dichloromethane (5 ml). The acetonitrile and the dichloromethane were concentrated by the method shown below, respectively, and used for an LC/ESI/MS analysis separately. Acetonitrile (5 ml) was concentrated to 0.2 ml under a nitrogen stream, and distilled water was added (0.8 ml). After dichloromethane (5 ml) was completely evaporated under a nitrogen stream, acetonitrile (0.2 ml) and distilled water (0.8 ml) were added to the residue. Each sample (1 ml) was filtered using Millex-FH individually, and the filtrates were used for an LC/ESI/MS analysis. The recovery rates of the solid-phase extraction were the total of the recovery rates obtained by acetonitrile extraction and dichloromethane extraction. The LC/ESI/MS operation conditions are given in Table 1 .
Results and Discussion

Examination of the mobile phase by HPLC
The mobile phase was examined using a gradient method by changing the mixing ratio of acetonitrile and distilled water. The reproducibilities of the retention times of the ten pesticides were good, so that the coefficients of the variation were from 0 to 1.9% when the pesticides were spiked in extractions from ten different water qualities, using a linear gradient of acetonitrile of 20% (at 0 min) → 20% (at 2 min) → 100% (at 20 min) → 100% (at 30 min) → 20% (at 35 min) → 20% (at 45 min), as shown in Fig. 2 . Acetonitrile was increased up to 100%, since the adsorption of carbosulfan on the column was strong. Moreover, in order to obtain good reproducibility in a repeat analysis, a solvent was passed through the column for 10 min at a final acetonitrile concentration of 20%. Although carbaryl and ethiofencarb, or benfuracarb and furathiocarb, were completely inseparable from each other under these conditions, separation was made possible by choosing the appropriate ion. The composition of samples for LC/ESI/MS in this experiment was kept the same as the initial solvent mixture of the mobile phase (20% acetonitrile). When the pesticide sample was dissolved in 100% acetonitrile, the initial composition of the mobile phase was affected, and the retention of oxamyl became unstable; further, the peak form became worse.
Ion signal optimization
In the positive-ion mode of the LC/ESI/MS analysis, besides protonated ions (M + H) + , various molecular adduct ions are observed. 8 Fig. 3 , and the main ions observed are given in Table 2 . The observed ions corresponded to (M + H) + , (M + NH4) + , (M + Na) + , (M + MeCN + H) + and (M + MeCN + Na) + . Although the NH4 adduct ion was usually observed when ammonium acetate was added to the mobile phase, but we did not use it here. Since ammonia is used as an ingredient in the manufacture of acetonitrile, ammonia exists in acetonitrile with a specification value of 0.3 mg/l or less. It is thought that it was detected because acetonitrile was used as a solvent in this experiment. For oxamyl and aldicarb, the relative intensity of (M + H) + was too weak to be analyzed. For benomyl, peaks of m/z 192 and m/z 233 were observed. Benomyl is said to decompose rapidly into carbendazim in organic solvents. 16 When 10 mg/l working standard solutions of benomyl and carbendazim were analyzed, their retention times and their mass spectra were in agreement. Table 3 . 
corresponded to (M + H)
+ and (M + MeCN + H) + of carbendazim, respectively, carbendazim was used as a standard for benomyl. Subsequent notations of benomyl were taken as benomyl (carbendazim). From the above result, for eight pesticides not including oxamyl and aldicarb, the (M + H) + ion and one or two adduct ions with a high relative intensity were selected, and their subsequent examination was performed. For oxamyl and aldicarb, because the relative intensities of (M + H) + were low, we selected three adduct ions with a high relative intensity. Since the retention times of carbaryl and ethiofencarb overlapped, the peak of m/z 243, which is common to them, was unsuitable for use in quantitation; therefore, it was not selected. The ions used for subsequent experiments are indicated by an asterisk (*) in Table 2 .
Influence of the matrix to the variation of the ion signal intensities
Since a variation in the recovery rate was observed, depending on the measurement ion selected, especially with oxamyl in the preliminary experiment, it was thought that the rate of ionization in the interface is influenced by the matrix. The following experiments were therefore conducted using acetonitrile, which is the main solvent for extraction. Ten water samples (500 ml each) which did not contain pesticides were passed through cartridges, eluted using 5 ml of acetonitrile, and concentrated to 0.5 ml. The concentrated liquid (0.1 ml), the 10 mg/l ten pesticide mixture acetonitrile solution (0.1 ml), and distilled water (0.8 ml) were mixed and analyzed. The variations in the peak area value of (M + H) + and the adduct ion were examined. The results are shown in Table 3 . Since the CVs for the three oxamyl ions were over 40%, quantitation was impossible if only one ion peak was used. Therefore, the variation in the sum total area of two or three ion peaks was calculated for the three ions in the four possible combinations. The CV of the combination of m/z 237 and m/z 283 was 14.6%, and it turns out that the variation was improved. In m/z 208 of aldicarb, and (M + H) + of other pesticides, the CV was 3.4 -12.0% and the variation was suitable for quantitation. It is thought that oxamyl tends to form adduct ions, and is easily influenced by the matrix; indeed, there are reports 10,14,15 of oxamyl measurements using adduct ions. Since the retention time of oxamyl was short and it eluted before stable conditions were established, the ionization rate in the interface became unstable, and it was thought that the measured value of the independent ion was variable. From the result of the above examination, the ions indicated by an asterisk (*) in Table 3 were used for subsequent experiments.
Limits of detection and quantitation
The limits of detection (LODs) and quantitation (LOQs) of ten pesticides without a concentration procedure were estimated in the selected ion monitor (SIM) mode. The concentration of each pesticide in 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10, 50, 100, 500 or 1000 µg/l standard solutions was measured three times. When the pesticide concentrations were plotted on the x-axis and the area on the y-axis, the linearity was examined for each ion; a 0.998 or higher correlation coefficient linearity was determined in the concentration range of each pesticide, as shown in plotted on the x-axis and the signal/noise (S/N) ratios on the yaxis, the LODs (S/N = 3) and the LOQs (S/N = 10) were 0.03 -4 µg/l and 0.4 -30 µg/l, respectively, as given in Table 4 . The reproducibility near the limits of quantitation was as good as CV 3 -15%.
Recovery rate on solid-phase extraction
Although good results in terms of linearity and detection sensitivity were obtained without a concentration procedure, in an environmental water sample, the solid-phase extraction may be influenced by the water matrix. Thus, an additional experiment was conducted on four types of water samples: distilled water, river water, tap water, and tap water to which ascorbic acid sodium salt (VC) was added in order to remove any residual chlorine. We added 1 ml each of 0.5 mg/l pesticide solutions to 500 ml of each water sample, and solid phase extraction was performed.
Since benomyl, benfuracarb, furathiocarb, and carbosulfan were not completely eluted using only acetonitrile (5 ml), it was followed by elution with dichloromethane (5 ml). Ten pesticides were added separately to these water samples, and the experiment was repeated three times. The recovery rates by acetonitrile and dichloromethane following it in an additional experiment to distilled water are shown in Table 5 . The result, added to three types of other water samples, showed the same tendency. The recovery rates shown in Fig. 4 are the sum of the acetonitrile and dichloromethane elutions.
Since benomyl (carbendazim), aldicarb, ethiofencarb, benfuracarb, and carbosulfan in tap water showed zero or low recovery rates, but these recovery rates were improved for tap water with VC, it was thought that decomposition by chlorine was the cause of the low recovery rates. Moreover, a peak for carbofuran was observed for distilled water and tap water, each containing benfuracarb, and for distilled water, river water, and tap water, each containing carbosulfan. When they were converted into each amount of addition, they were 6%, 18%, 18%, 3%, and 39% rates, respectively. It is thought that these two pesticides partially decomposed into carbofuran in the addition experiment. This phenomenon was also observed in our previous addition experiment 17 using distilled water. Although this decomposition 547 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 Table 4 Limits of detection (LOD), limits of quantitation (LOQ) and linear dynamic range (LDR) for ten pesticides in SIM mode without a concentration procedure Fig. 4 Recovery of 10 pesticides added to 500 ml of distilled water (DW), river water (RW), tap water (TW), and tap water with ascorbic acid sodium salt (TC), respectively, at an individual concentration of 1 µg/l. Ten pesticides were added to 500 ml of distilled water at individual concentration of 1 µg/l.
was promoted in the same experiment when the pH decreased, all four types of water samples were neutral. Moreover, since the rates of decomposition of the two pesticides in tap water were high, it is clear that this decomposition was promoted by chlorine. When the total recovery rate of carbofuran was calculated, it was equivalent to the solid-phase recovery rate of benfuracarb and carbosulfan. Based on the above examination, the solid-phase recovery rates of the ten pesticides examined were determined to be 71 -104% in distilled water, 75 -111% in river water, and 69 -110% in tap water with VC, and good reproducibility was demonstrated for all water samples, as indicated by the obtained CVs of 1 -13%.
Determination of pesticides in tap water and its raw water
The concentrations of ten pesticides in water were determined using the simultaneous analytical method examined. The water samples were tap water and its raw water collected from 14 monitoring sites in Hyogo Prefecture (river water, 5 sites; riverbed water, 1 site; lake water, 1 site; shallow well, 5 sites; and deep well, 2 sites) on June 26, 2001. Benomyl (carbendazim) was detected at site A (river water, 0.32 µg/l), site B (river water, 0.11 µg/l), and site C (lake water, trace), and carbofuran at site A (river water, 0.13 µg/l). Since the pesticides were detected at very low concentrations, we could not qualitatively analyze them by total ion chromatography. Thus, several characteristic ions of each pesticide were selected and analyzed by SIM. The mobile phase used for HPLC was 40% acetonitrile; HPLC was carried out by the isocratic method (Fig. 5) . The ions corresponding to peaks m/z 223 and m/z 286 are the isotope ions corresponding to peaks m/z 222 and m/z 285, respectively. All of the ions showed peaks of the same retention time as that of the carbofuran standard solution. Moreover, when simultaneously analyzed by the GC/MS which we developed, 18 it was confirmed that the ions corresponded to carbofuran. Currently, carbendazim and carbofuran are not approved for use as pesticides in Japan. Carbendazim is known to be a decomposition product of benomyl or thiofanatemethyl, 16 which are extensively used in Hyogo Prefecture. These pesticides decompose in the environment, and are detected as carbendazim. The derivative chemicals of carbofuran include benfuracarb, furathiocarb, and carbosulfan. In our previous experiment, 17 although benfuracarb and carbosulfan decomposed into carbofuran in a neutral or acidic solution, furathiocarb did not decompose. In Hyogo Prefecture, benfuracarb and carbosulfan are extensively used. It was presumed that carbofuran detected up to this time is a decomposition product of these pesticides in the environment. 
Conclusions
A sensitive and highly reproducible method for the simultaneous analysis of ten carbamate pesticides by LC/ESI/MS was established. Moreover, an addition experiment using distilled water, river water, and tap water was conducted using solid-phase cartridges; sufficient recovery rates and reproducibility were obtained even at low concentrations of carbamate pesticides. An analysis of tap water and its raw water collected from 14 monitoring sites was performed using this method. Carbendazim was detected at low concentrations in three water samples (river water, 2 sites; lake water, 1 site) and carbofuran in one (river water) of these three samples.
